Abstract-This paper proposes an efficient microstrip isolator filter which suppresses the surface and lateral waves (SW and LW) in planar antenna arrays. The structure consists in a double or triple row of periodic and flipped array of subwavelength Complementary Split Ring Resonators (CSRRs). The array of CSRRs is etched on a dielectric substrate backed by a metallic ground plane. These structures can both block the electromagnetic (EM) energy in one direction and guide it along the other transverse direction. In particular, the flipped array of CSRRs presents wider bandgap characteristic (stopband ≥ 20%) than periodic array of CSRRs (∼ 16%) and conventional array of SRRs (≥ 12%). Then, the metamaterial filter is inserted between two 6.1 GHz probe-fed patch antenna elements separated by a distance of 0.8λ 0 . Excellent agreements between the simulated and the experimental results are obtained. In fact, a significant reduction of the EM mutual coupling is achieved, more than 24 dB, over a wide frequency bandwidth. Moreover, the proposed CSRR structures are compact, low complex and, as printed antennas, are very easy to manufacture. They have numerous applications in MIMO systems and directive phased arrays.
INTRODUCTION
Electromagnetic interferences (EMI) in high speed integrated circuits and microstrip antenna arrays have caused strong mutual coupling effects and crosstalk noise which affect and degrade significantly their intrinsic performances. As it is well known, these EMI effects between closely-spaced antenna arrays are particularly due to surface waves (or surface currents) and lateral waves (or space waves). Various techniques to reduce the mutual coupling between antennas have been proposed . Some of them [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] have put in light the efficiency of the Mushroom EBG structures in eliminating the surface waves (SW) inside a specific frequency band. In their last paper, the authors [11] [12] [13] show the ability of a vertical wall array of grounded edge-coupled Split Ring Resonators (GE-SRR metamaterial Slab) to reduce the EM coupling effects and improve the performance of microstrip phased arrays. Due to the metamaterial (MTM) influence, the scanning properties of the phased arrays [13] are remarkably improved: in particular the suppression of the scan blindness and grating lobes with an extension of the scanning range due to wide-angle impedance matching. In [15] , the insertion of a MTM SRR media with a negative permeability (or MNG inclusions) between closely-spaced (only λ 0 /8) high-profile monopole MIMO antenna elements, reduces the mutual coupling by almost 20 dB at the resonant frequency while maintaining good impedance matching of the antennas.
A new metamaterial particle-based on the use of complementary split ring resonators (CSRRs) has been suggested for the first time by Falcone et al. [16] . This MTM structure has a negative permittivity feature and can be implemented by etching the CSRRs on the microstrip antenna's ground plane [16] [17] [18] [19] [20] [21] .
In this paper, we developed new isolator structures based on subwavelength CSRR particles in order to reduce the EMI. The Babinet's principle states the complementarity of magnetic and electric fields of a single SRR and its complementary screen, a CSRR [12, 21, 22] . Therefore, the CSRR behaves as an electric dipole excited by an electric field polarized in the axial direction of the ring. At the resonance, the MTM array of CSRRs has a negative permittivity and inhibits signal propagation. Indeed, the propagation constant is purely imaginary so all the waves which pass across the structure are evanescent waves [17, 19, 20] . Besides, the arrays of CSRRs are more suitable for application in low profile planar antenna arrays to improve the bandwidth of the decoupling effects and enhance their performances. In addition, the structures are compact, low complex and do not need metallic vias. So, CSRR can be easily fabricated using microstrip technology (etched on the same platforms than printed antennas).
Hence, five prototypes of two E-coupled patch antennas array with and without the new isolator structures have been elaborated and fully characterized. The simulated and the measured results are presented: over a large frequency bandwidth around the resonance, Figure 1 . CSRR unit cell geometry and dimensions [R in = 2 mm, R ex = 3.6 mm, gap = 3.6 mm and W = 8 mm]. Dielectric substrate h = 1.9 mm thick, ε r = 10.2, loss tangent = tan(δ) = 0.0023.
EM mutual coupling effects are strongly reduced. Moreover, at the resonance frequency, the gain of the antenna is increased (∼ 3 dB in broadside) due to the influence of the MTM isolator filter. The design model has been analyzed and optimized with the commercial software package HFSS 12.0 [26] and CST Microwave studio [27]. Figure 1 shows the Uniplanar CSRR unit cell (without vias). It is printed on a dielectric substrate [28] with 1.9 mm thick, relative dielectric permittivity (ε r = 10.2) and loss tangent (tan(δ) = 0.0023) backed by a metallic ground plane.
DESIGN AND CHARACTERIZATION OF THE UNIPLANAR CSRR STRUCTURES

Description of the Designed Structures
The CSRR structure has an electrical resonance excited by vertically polarized (with respect to the CSRR's plane) electrical fields. The CSRR can be modeled as resonant structure of L CSRR and C CSRR [23, 18] with a resonant frequency given by (1) [18] .
The dimensions of the unit cell are optimized to operate around 6.1 GHz. The final values are indicated in Fig. 1 (R in = 2 mm, R ex = 3.6 mm, gap = 3.6 mm and W = 8 mm). the filter's bandgap width. In the flipped array, the orientation of adjacent CSRR unit cells has been changed in the left row.
Numerical Study of the Designed CSRR Structures
The propagation properties of the MTM structures are numerically analyzed under different polarizations of the incident wave. In particular, a quasi-TEM wave guide setup, reported in [24] is used to characterize the transmission of surface waves through the structures. As shown in Fig. 3 , two main directions are of interest: from left to right (between ports P1 and P2) and in the transverse direction, starting from bottom up (between ports P3 and P4). The main direction (wave vector k parallel to the x axis) corresponds to the coupling direction of the probe-fed patch antennas (array of Fig. 6 (a)). Full wave simulations (scattering parameters) of the proposed designs are performed and some results are presented in Figs. 4 and 5. The electric fields, as indicated in Fig. 3 , are always perpendicular to the CSRR's plane in order to exit the electric resonance of the CSRR-based electric materials [16] [17] [18] . behavior and presents a wider bandgap in the Ox direction ( Fig. 5(a) ) between 5.8 GHz and 7.1 GHz (with a ∼ 21% fractional bandwidth).
On the contrary, along the transverse direction (k//Oy) the transmission through the two structures is complete with S 34 (dB) ∼ 0 dB between 5.5 GHz and 6.14 GHz (as shown in Figs. 4(b) and 5(b)). Figure 6 presents the experimental setup used to investigate the mutual coupling reduction between two probe-fed adjacent E-coupled patch antennas. The patch antennas dimensions are a = 0.32λ g , b = 0.44λ g , and dx = 0.12λ g . The distance edge-to-edge between the antennas is d = 0.8λ 0 . Here λ 0 and λ g are the free space and the guided wavelengths for microstrip line at the resonant frequency (f 0 = 6 GHz; λ 0 ∼ 49 mm and λ g = λ 0 /ε 1/2 r ).
MUTUAL COUPLING REDUCTION
5.8
6.14 5.8 6.14 (a) (b) Figure 4 . Transmitted and reflected signals of the first CSRR structure ( Fig. 3(a) ), (a) S 11 and S 21 in the main direction of propagation (k//Ox): bandgap feature (0.8 GHz) between 5.8 GHz and 6.14 GHz, and (b) S 33 and S 43 in the transverse direction (k//Oy): full transmission (band-pass) between 5.92 GHz and 6.14 GHz. (Fig. 6) .
The mutual coupling reduction is investigated by placing the planar MTM structure between the antennas (setup shown in Fig. 6(c) ). In antenna arrays, the element centre spacing is within one wavelength, the maximum allowed distance without the appearance of unwanted grating lobes array. In our study, characterizing the four isolator filters has been our objective. Therefore, the antennas distance of 0.8λ 0 has become an acceptable solution because it allows the insertion of the double and triple row CSRR structures.
In the same time, the applicability of the propose structure in the case of smaller inter-element distances (d ≤ 0.5λ 0 ), in phased arrays for example is very important [13, 14] . Hence, simulations with a distance of 0.5λ 0 were performed. However, due to lack space between the two patch antennas, only two rows of CSRR structure were used. The simulations results will be presented in Fig. 8 (S 11 and S 21 ) and Fig. 15 (Far-field radiation patterns).
Numerical Analysis
The antennas return-loss (S 11 ) and mutual coupling (S 21 ) are simulated without (conventional case) and with the four CSRR metamaterial structures; then compared results are shown in Figs. 7(a)-(d) . Within the frequency bandgap of the EM CSRR Figure 7 . Simulated S 21 and S 11 without and with the different metamaterial structures and d = 0.8 × λ 0 , (a) with the CSRR (7 × 2) periodic structure ( Fig. 2(a) ), (b) with the CSRR (7 × 2) flipped array structure ( Fig. 2(b) ), (c) with the CSRR (7 × 3) periodic structure ( Fig. 2(c) ) and (d) with the CSRR (7 × 3) flipped array structure ( Fig. 2(d) ).
structures, strong reduction of the mutual coupling (up to 24 dB) between the adjacent antennas is achieved. Figure 7 (a) gives the simulated results of the first design when the MTM filter is used with the 7 * 2 periodic CSRR structure (2CPA) of Fig. 2(a) . As can be seen in Fig. 7(a) , the depth of S 21 is improved over the entire frequency stopband. The mutual coupling reduction goes from 8 dB to almost 20 dB and S 11 = −37 dB at the resonance (6.1 GHz). Figure 7 (b) shows the simulation results of the antennas array with the second CSRR structure (2CFA) of Fig. 2(b) . The S 21 has a very interesting shape and is quite constant starting from f = 6 GHz and over a large frequency band. A mutual coupling reduction of ∼ 15 dB is obtained at the minimum of the return-loss. Fig. 2 (c) (3CPA) and 2(d) (3CFA). Important differences can be observed for S 21 (level of the minimum and waveforms) between the two designs. The flipped array of CSRRs (7 * 3 unit cells) seems to be efficient in suppressing surface and space waves ( Fig. 7(d) ). A S 21 value of −45 dB is obtained inside the metamaterial stopband bandwidth which corresponds to a mutual coupling reduction of 24 dB.
A slightly shift (< 20 MHz) of the resonance frequency is observed between the conventional and the alternative case in the first and fourth cases.
As it was mentioned before, the distance d has been changed from 0.8 λ 0 to 0.5λ 0 for the antenna system. Figs. 8(a) and 8(b) show the simulated S parameters results for the two distances at f = 6.1 GHz with and without the MTM slab. Table 1 summarizes in data, the effects of d on the mutual coupling (S 21 ) and reflection coefficient of the antenna (S 11 ). [11, 13] The performances of the actual design are compared to those reported by the authors of the reference [11] and more recently [13] . They present a novel MTM slab based on rectangular Grounded Edgecoupled SRR unit cells (GE-SRR) supported by a vertical dielectric substrate. The structure has a large stopband with a 15% fractional bandwidth and allows a mutual coupling reduction of 10 dB at the resonance.
Comparison of the CSRRs and Grounded-edge SRR MTM Slabs
Inspired from those works [11, 13] , we design a MTM slab based on circular-type grounded edge-coupled split ring resonator unit cells (CGE-SRR).
For easier comparison with our designs the dielectric substrate [28] has been used. Hence the dimensions of the CGE-SRR particle have been optimized to achieve a resonant frequency around 6.1 GHz. The MTM slab (or vertical isolation wall) with only one row of CGE-SRR was investigated and inserted in the setup of Fig. 6(a) with the same properties: d = 0.8λ 0 and f 0 = 6.1 GHz for the two patch antennas. Figure 9 (a) shows the designed MTM vertical isolation slab with CGE-SRR particles. Fig. 9(b) shows the simulated results. At that distance, the mutual coupling between the patch antenna elements S 21 is very high in the case of conventional antennas: S 21 = −18 dB at 6.1 GHz. It is reduced by 15 dB while inserting the MTM slab. Moreover the antennas are well matched with a reflection coefficient S 11 = −20 dB at 6.1 GHz. A slight frequency shift of < 20 MHz is (a) (b) Figure 9 . (a) Circular grounded-edge SRR (CGE-SRR) isolation vertical "wall" inspired from [11, 13] and (b) simulated S 21 and S 11 with and without the metamaterial array of CGE-SRRs. observed thanks to the presence of the MTM slab. Table 2 gives a quick comparison between the two MTM isolation slabs. This comparison demonstrates the compactness, low profile and high efficiency of the actual CSRR designs. Figure 10 shows the photographs of the five fabricated prototypes. The first prototype shown in Fig. 10(a) Figure 10 . Photographs of the fabricated five prototypes, (a) conventional or simple antennas array, (b) first MTM design with the first isolator filter (Fig. 2(a) ), (c) second design with the CSRR filter of Fig. 2(b) , (d) third design with the CSRR structure of Fig. 2(c) , and the last design with the fourth CSRR structure Fig. 2(d) . Figure 11 . Measured S 21 and S 11 without and with the different metamaterial structures and d = 0.8 × λ 0 , (a) with the CSRR (7 × 2) periodic structure ( Fig. 2(a) ), (b) with the CSRR (7 × 2) flipped array structure (Fig. 2(b) ), (c) with the CSRR (7 × 3) periodic structure ( Fig. 2(c) ) and (d) with the CSRR (7 × 3) flipped array structure ( Fig. 2(d) ).
Experimental Results and Comparison
carefully measured using an Agilent vectorial network analyzer (ENA Series). The experimental results of each MTM design are presented in comparison to the conventional case (reference) in Fig. 11(a) to Fig. 11(d) .
All measured results of S 11 return-loss parameter indicate a resonant frequency at 5.89 GHz (∼ 5.9 GHz) whereas the resonant frequency of the simulations is 6.1 GHz (see Figs. 7(a)-(d) ). This shift of the frequency is also observed in the reference case, and hence can be attributed to the characteristics of the manufacture dielectric substrate (deviation from data sheet [27] specifications). Figure 12 illustrates comparisons of the measured and the simulated S 21 and S 11 with the different metamaterial structures for d = 0.8λ 0 . Despite the frequency shift, simulated and measured S 11 and S 21 (waveforms and depth) are in excellent agreements.
For the conventional antenna (reference case) at 5.9 GHz, the experimental results indicate a high level of the S 21 with a maximum Figure 12 .
Comparison of the measured and the simulated S 21 and S 11 with the different metamaterial structures for d = 0.8λ 0 , (a) with the CSRR (7 × 2) periodic structure ( Fig. 2(a) ), (b) with the CSRR (7 × 2) flipped array structure ( Fig. 2(b) ), (c) with the CSRR (7 × 3) periodic structure ( Fig. 2(c) ) and (d) with the CSRR (7 × 3) flipped array structure ( Fig. 2(d) ). The frequency shift is attributed to a slightly different value of the manufacture dielectric substrates permittivity.
value of −15 dB and good impedance match for the two antennas system S 11 = −35 dB (Fig. 12) . For the entire designs (Figs. 12(a) to 12(d)) one has a significant reduction of the mutual coupling. This underlines the real contribution of the metamaterial CSRR inclusions by suppressing the surfaces and space waves (respectively 18 dB, 11 dB, 3.7 dB, and 24 dB).
The measured S 11 is always below −25 dB corresponding to a good matching for the antennas. However, it is difficult to comment the S 11 bandwidth which is: slightly narrowed for the first and last structures (Figs. 10(a) and 10(d) ) without any frequency shift; enlarged for the others structures (Figs. 10(b) and 10(c) ) with a shift of ∼ 50 MHz in the case of Fig. 10(b) only as predicted by the simulation results of Fig. 7(b) .
H-plane
E-plane Figure 13 . Simulated radiation patterns at 6.1 GHz in E-and Hplanes, for d = 0.8λ 0 . Solid line: with the MTM isolator filter (antenna array of Fig. 10(b) ) and dashed line: without the MTM (conventional antenna array of Fig. 10(a) ).
Numerical Study of the Radiation Patterns
Far-field radiation patterns of the antenna designs with and without the MTM isolators were numerically determined in the E-and Hplanes. For the model, one antenna is active while the other is "passive"; terminated with an impedance of 50 Ω. Fig. 13 presents, an example of the radiation patterns at f = 6.1 GHz. Here, the MTM media consists in two rows of periodic array of CSRRs (array antenna Fig. 10(b) ). Fig. 13(a) shows the results for d = 0.8λ 0 . The gain of the antenna is increased by 4 dB broadside with an unchanged radiation diagram in the H-plane ( Fig. 13(a) left) . We notice a deformation of the radiation patterns in the E-plane ( Fig. 13(a) right) . Thanks to the SW suppression, the radiated field is attenuated by 10 dB in the antenna plane in the side direction to the inserted MTM media (θ = −90 • ). Thus, Fig. 14(a) shows a high concentration of the surface currents in the loaded passive antenna in the conventional array ( Fig. 6(a) ) while they are suppressed in Figs. 14(b)-(d) by placing the MTM isolator filters. Fig. 14(c) shows the complete avoidance of SW when using the fourth CSRR structures (Fig. 2(d) ) in the antenna array of Fig. 10(e) ). Figure 15 (a) shows the results for d = 0.5λ 0 . The gain of the antenna is increased by ∼ 1.4 dB broadside with an unchanged radiation diagram in the H-plane (Fig. 15(a) left) . We notice again a significant deformation of the radiation patterns in the E-plane (Fig. 15(a) right) . Here the radiated field is attenuated by 20 dB in the antenna plane at θ = −90 • . Finally, a comparison between the radiation pattern in E-plane for the two distances (d = 0.5λ 0 and d = 0.8λ 0 ) is presented in Fig. 15(b) . A quite similar far-field radiations behavior in the E-plane can be observed for the two distances. Table 3 gives the maximum gain. 
